Since their discovery over 100 years ago, sphingolipids have caught the eyes and the imagination of scientists. Modern science has made many new insights on the cell biology and day-to-day functions of many integral sphingolipids, especially those of ceramide. Ceramide is recognized as a vital second messenger in the signal transduction process mediated by receptors of many cytokines and growth factors. A great part of our current understanding of ceramide has been achieved from apoptosis-related studies, however recent data in the fields of immunology, endocrinology and neurobiology, also suggest a fundamental involvement of ceramide in the onset of diseases. Therefore, understanding the biology of ceramide could be a key to unraveling many biological mechanisms and provide information for the treatment of some common diseases.
term coined by J. L. W. Thudichum in 1884 for its enigmatic ( Sphinx-like ) properties [1] . Although still an elusive class of lipids, studies on the involvement of sphingolipids in signaling pathways that mediate cell growth, differentiation, cell death and multiple cell functions have been quickly expanding our comprehension of these compounds. In addition to many newly discovered roles of ceramide as an intracellular second messenger for the receptors of tumor necrosis factor-alpha (TNF-α), IL-1-β, and other cytokines, sphingosine, sphingosine-1-phosphate, and other sphingolipid metabolites have recently been demonstrated to modulate cell proliferation and cellular calcium homeostasis [2, 3] Enzymatic degradation of sphingolipids like sphingomyelin (N-acylsphongosin-1-phosphorylcholine; SM) is one of the major mechanisms for the generation of smaller lipid messengers. An important constituent of SM breakdown is ceramide, a second messenger generated in a plethora of signaling cascades [3] . Deregulation in intracellular ceramide levels is believed to be involved in many diseases such as diabetes, AIDS, neurodegenerative disorders, and autoimmunity [4] . It is noteworthy that although excessive amounts of ceramide is often toxic and results in apoptosis of many cell types [5] , a basal level of this messenger is required for cell proliferation and differentiation. Reductions in steady-state ceramide has been shown to lead to growth arrest and an undifferentiated cellular phenotype [1] , [6] . Therefore, a delicate balance in ceramide levels is needed for maintenance of proper cell fqunction.
SM metabolism and generation of ceramide
Cytoplasmic increases in ceramide can occur in two ways. De novo synthesis of ceramide is achieved through the condensation of serine and palmitoyl-CoA to form 3-oxosphinganine [1] , [7] . 3-oxosphinganine is subsequently reduced to dihydrosphingosine, then acylated by ceramide synthase to yield dihydroceramide and oxidized to yield ceramide by the introduction of a trans-4, 5 double bond by dihydroceramide reductase [8] . This pathway can be stimulated by DNA-damaging substances such as daunorubicin or radiation and requires several hours for the generation of detectable ceramide [3] , [7] , [9] . Ceramide may also be produced via the action of several distinct enzymes involved in the cleavage of SM, namely acidic (a) and neutral (n) sphingomyelienases (aSMase and nSMase, respectively), which have been characterized based on their pH-optima and biological effects [10] . Absence of aSMase (pH optimum 4.5-5.0), originally described as a lysosomal enzyme defective in patients with Neimann-Pick (NP) syndrome [11] and more recently in aSMasedeficient mice [12] , results in the inability to signal apoptosis. Acid SMase in both humans and mice have been cloned and determined to be the product of a conserved gene [13] . The aSMase protein is generated as a 75 kDa precursor which is processed to a final species of 70 and/or 57 kDa [3] , [8] , [14] , [15] . An acidic environment enhances the catalytic activity of aSMase, but is not absolutely required for its function. Besides the endosomal aSMase, many stimuli also rapidly activate a plasmamembrane-associated nSMase (pH optimum 7.4) [16] . Knockout studies of aSMase have revealed that nSMase activity is still retained in these mice, indicating that aSMase and nSMase are the products of separate genes and function individually [3] , [8] , [14] , [16] . Ceramide generated by nSMase activities leads to the upregulation of proline-directed serine/threonine protein kinases and phospholipases and has been implicated to be important in cell proliferation and inflammation [17] . It should be noted that there exist two forms of nSMase, one is cytosolic, Mg 2+ -independent and the other is membrane-bound, Mg 2+ -dependent [17] , [18] . Generation of ceramide through the activation of SMases can be induced by apoptotic stimuli (i.e. negative signals) leading to the induction of well-known cell death mediators and initiators, such as BAD/BAX, Apaf1, cytochrome C, and the activation of the SAPK/JNK pathway [8] , [16] . Cytochrome C and Apaf1 will liberate inactive caspases from a dormant state, unleashing their fury and unrelenting destruction of most if not all cellular constituents. The exact nature of SAPK/JNK involvement in ceramideinduced cell death is not entirely understood, however it is believed that the stress pathway enables the expression of cytotoxic death ligands like FasL [5] , [6] , [8] , [16] . SMases can also be activated by positive signals elicited by PDGF, CD28 and oxidized LDL resulting in the transcription of growth-related genes through the activation of the MAPK pathway and upregulation of a plethora of essential cellular functions like cell growth, differentiation and repair [5] , [6] , [7] . (Fig 1) Some well recognized reagents which initiate the breakdown of SM throught the activation of aSMase include negative signals, such as members of the TNF/NGF superfamily of receptors/ligands (TNF-β, Fas [CD95] and NGF), γ-irradiation, cytokines (IFN-γ and IL-1), stress (UV, heat shock, free radicals) and chemotherapeutic drugs [16] , [20] . Alternatively, there are many positive signals like PDGF, CD28 and oxidized LDL which can also lead to increases in stead-state ceramide concentrations through the activction of nSMase [1] , [6] , [9] . The negative signaling cascade leading to the liberation of ceramide from SM appears to mediate apoptosis by the activation of certain kinases [20] . These negative signals will activate aSMase causing ceramide liberation. In the negative signaling pathway ceramide behaves as a second messenger in the initiation of apoptotic cell death in a variety of pathophysiologic settings [21] . Application of exogenous ceramide alone, using cell permeable ceramide analogs such as C 2 , C 6 and C 8 isoforms, is sufficient to initiate apoptosis [14] . By contrast, the use of fumonisin B1, a specific ceramide synthase inhibitor provides a marked protection against chemical hypoxia-induced DNA strand breaks, DNA fragmentation, and cell death [22] . Interestingly, activation of the TNF-receptor can lead to induction of both nSMase and aSMase through different cytoplasmic domains of the 55 kDa TNF-receptor [16] . There seem to be selective, uncoupled pathways of TNF signaling with no apparent cross-talk being detected between nSMase and aSMase pathways, indicating that ceramide action depends on the topology of its production.
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Disease and ceramide involvement
The biological role of ceramide is complex, as well as multi-faceted. As mentioned above, The yins and yangs of ceramide ceramide is a critical component in the signaling pathway of many receptor-ligand interactions including that of Fas/Fasl, TNFR/TNF and PDGF [5] , [6] , [8] , [16] . In the PDGF system, the inability to generate ceramide leads to growth arrest and loss of cellular differentiation, while in the systems of Fas/FasL and TNFR/TNF, ceramide is a key effector for the induction of apoptosis. Loss in the balance of ceramide production, either through SM hydrolysis or de novo synthesis, can have devastating consequences ranging from the increased rates of apoptosis (when high) or loss in tissue growth and function (when low). The evolution of many immunological diseases centers around an imbalance in T-cells. CD4 + T helper (Th) cells are fundamental in the regulation of cell mediated immune response and antibody production by B-cells. Based on the analysis of cytokines produced by long term cultured T cell clones, CD4 + T cells have been divided into Th1 and Th2 [23] . Th1 clones, through their production of IL-2, IFN-, and TNF , are responsible to induce cellular immunity; whereas Th2 cells secreting IL-4, IL-5, IL-10, and IL-13 are important in helping B cells develop into antibody-producing cells, and mediate anti-inflammatory response [23] , [24] . The Th1/Th2 phenotypic distinction can be related to in vivo immune responses in certain infectious and autoimmune diseases in mice [25] and humans, demonstrating the pathophysiological significance of these two types of immune responses [26] , [27] . Passive regulation of Th1/Th2 responses with cytokines, soluble cytokine receptors and their specific neutralizing antibodies could dramatically influence the outcome of infections and some autoimmune reactions [28] [29] [30] . Two prototypical autoimmune diseases, rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) arise from 2 different immune responses that generate mutually exclusive signals in response to different inflammatory triggers [26] , [27] . RA is mediated by Th1 T-cells, while SLE Th2 and interestingly ceramide production in these two diseases also show distinct patterns [31] , [32] . The shift in Th1 to Th2 cytokine production pattern is a common feature of SLE patients and is believed to be the critical factor leading to the onset of the disease [33] . In addition, SLE patients have high Th2 T cell activity possibly caused by increases in ceramide. Exogenous ceramide induces a heightened rate of proliferation of T cells [34] , and the use of fumonisin B1 can markedly suppress ceramide-induced T cell proliferation [35] , suggesting that the ceramide pathway may be involved in stimulating SLE Th2 cells.
Ceramide is believed to be a critical factor in the pathogenesis of SLE. SLE patients possess high levels of ceramide [32] , [36] and moreover, in vitro studies using sphingosine and synthetic cell-permeable analogs of ceramide showed augmented mRNA expression of interleukin-4 (IL-4) and enhanced expression of the IL-4 receptor in Th2 T-cells [37] . It is thus likely that a ceramide-initiated shift in cytokine production favoring Th2 could be promoting SLE disease onset.
SLE is a consequence of an overproduction of autoantibodies against cellular and nuclear components released from apoptotic cells [33] , [38] . Unlike in healthy individuals, significant number of apoptotic cells circulate in SLE patients [38] . It has also been shown that phagocytes of SLE patients are defective in removing apoptotic cells [39] , it is possible that a sudden increase in apoptotic cells in the absence of efficient phagocytosis could trigger SLE. In addition, the deposition of immune complexes in various organs and tissues also induces apoptosis, which contributes to the overall pathogenesis of SLE. The loss of macrophage phagocytic activity in SLE has been proposed to be due to increases in ceramide levels [40] . Attenuation of ceramide production has been shown to reverse this inhibition and lead to increases in macrophage mobility and activity, [40] , [41a, b] . Moreover, it should be noted that macrophages can themselves exert antigen-presenting cell activity to strongly skew primary responses to cellular immunity, and suppress Th2-dependent humoral response [42] . Furthermore, there is a selective immunogobulin deficiency associated with Niemann-Pick disease (no aSMase), indicating a role for ceramide in promoting Th2 type antibody production [43] . Thus, inhibition of macrophage function by ceramide would serve to switch the T-cell balance from Th1 to Th2. These facts demonstrate a pivotal role for ceramide in SLE disease status.
Although ceramide deregulation has been principally studied in the immune system, it has also been implicated in the onset of disorders in the endocrine, vascular and central nervous systems [1, 16, 20] . Ceramide mediates the effects of cytokines on endocrine function, where ceramide may predispose to diabetes by affecting pancreatic -cell function. Zucker fatty diabetic rats manifest high levels of ceramide and apoptosis [44] . Administration of fumonisin B1 blocked both ceramide generation and apoptosis of -cells [44] . Moreover, increase in ceramide by TNFa inhibited protein phosphatase-1 activation, resulting in a loss of glucose uptake and storage, and contributing to the overall pathology of diabetes [45] . In the vascular system, increases in ceramide is a contributing factor to renal failure following ischaemia/ reperfusion which is associated with high levels of apoptosis, whereas in coronary arteries ceramide increase stimulated by oxidized LDL results in the proliferation of vascular smooth muscle cells potentiating atherosclerosis, [46, 47] . By contrast, the absence of ceramide in specialized areas of the brain like the nigro-striatal neurons is believed to result in the death of these neurons, leading to Parkinson's disease [50, 51] . C 2 -ceramide has been shown to protect hippocampal neurons from death induced by amyloid β-peptide, suggesting that a basal level of ceramide is required for the delay of Alzheimer's disease [52] , [53] . Increases in ceramide are notably beneficial for delaying the onset of calssical ncurodegenerative diseases, however these same increases can be employed in limiting uncontrolled cell growth. High amounts of ceramide usually lead to apoptosis and this destructive property can be used as a powerful weapon for killing tumor cells. Studies in aSMase knockout mice and NP patients have revealed the absence of apoptosis following massive exposure to chemoand radiation-therapy [12] . Furthermore, restoration of aSMase activity in NP patients with retroviral transfer of human aSMase cDNA was able to reverse such effects [12] . Numerous reperts have revealed that raising intracellular ceramide levels via activation of SMases by chemotherapeutic agents resulte in rapid death of cancer cells [5] , [54] . Moreover, it is believed that the generation of ceramide by chemo-/radiation-therapy provides a novel target for the elimination of tumors and opens a new avenue of treatment in those patients who have developed multi-drug resistant cancer [55] . Thus, ceramide has great potential for eliminating aberrant cells in circumstances when they are not desired. Given the pleiotropic functions of ceramide in a plethora of signaling systems and its involvement in the etiology of many diseases, it is possible that new approaches to treat diseases could be by modulating ceramide levels, either through reduction in de novo ceramide synthesis or ceramide release through blockade of n-and aSMase activity. Inhibition of intracellular ceramide would potentially be beneficial to patients with SLE, atherosclerosis, and neurodegenerative disorders.
Conclusion
The SM pathway is clearly a vital component in cellular signaling, of which ceramide plays a central role. Alterations in ceramide production, either the inability to increase ceramide levels or loss in the suppression of ceramide generation, is paramount and often contributes to disease onset. High concentrations of ceramide can result in an inordinate degree of cell death causing tissue damage and organ failure, as observed in SLE and diabetes. In contrast, a continuous basal level of ceramide is essential in staving off many neurodegenerative diseases like Parkinson's and Alzheimer's. Moreover, ceramide production is a necessary evil for the death of tumorigenic cells and is a key response in chemo-and radiation-therapy of cancer patients. Even though much has been worked out on the signaling, consequences and ramifications of changes in ceramide levels, a great deal of work still needs to be carried out. Further understanding of changes in ceramide's actions is needed to fully appreciate and utilize this important signaling molecule in the prevention of many diseases and in the contra-regulation of others.
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